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GOING BENEATH THE SURFACE: THE ECOLOGY OF METALIMNETIC 
 CYANOBACTERIA LAYERS IN THREE NEW HAMPSHIRE LAKES 
by 
Sabina Perkins 
University of New Hampshire 
Cyanobacteria blooms take different forms: surface scums, subsurface epilimnetic blooms, benthic 
mats, and in some lakes, metalimnetic layers. There is limited field research on the seasonal behavior of 
metalimnetic layers and the contribution of layer-produced cyanotoxins to the overall toxin profile of 
New Hampshire lakes. Three lakes in New Hampshire were monitored monthly pre-summer stratification 
through post-fall mixis in 2018, tracking the formation and persistence of deep-water cyanobacteria layers 
and the physical/chemical/light environments where they were found. Cyanobacteria abundance and 
dominance were quantified through cell counts using an Imaging Flow Cytobot (IFCB) and with 
phycocyanin fluorescence estimates. Persistent, nearly monospecific populations of Planktothrix isothrix 
were detected in the metalimnion of all three lakes multiple years in a row, despite differing lake size, 
trophic status, and ecoregion. The layers appeared to migrate up from the sediments, finding a depth with 
high nutrients, thermal stability, and low light levels that still allowed for photosynthesis. The levels of 
microcystin toxin were measured in both the surface and cyanobacteria layer and although we found 
overall low levels of microcystin in the lakes, surface microcystin levels were often higher than samples 
collected from the dense accumulations of cyanobacteria in the metalimnion. A partial least squares 
regression suggests microcystin levels are more related to toxin-producing species of cyanobacteria other 
than the Planktothrix isothrix found dominating the layer samples in all the lakes monitored. This raises 
the possibility that the dominant strain found in the metalimnetic layers may not produce microcystin or 




While these dense Planktothrix isothrix layers did not appear to be producing microcystin at levels 
considered harmful to human health, we did not test for other toxins that Planktothrix sp. are known to 






Toxigenic cyanobacteria blooms are an increasingly apparent human health risk in lakes all over the 
world (Paerl and Otten; Holtcamp). Cyanobacteria are ancient creatures – the oldest known 
photosynthetic autotrophs – and today can be found in a wide range of environments, both terrestrial and 
aquatic (Svirčev et al.; Paerl and Otten).  This diverse group of microbes live in some of the most extreme 
environments on earth and their long evolutionary history has allowed them to develop traits that enable 
them to occupy niches that are inaccessible to other photosynthetic organisms. Cyanobacteria can be 
found surrounding volcanic hot springs, in crusts atop desert sands, living symbiotically with lichen, in 
the roots of cycad trees, and even in the cleanest lakes (Kaasalainen et al.; Cox et al.; Banack and Cox; 
Carey et al.). While not all cyanobacteria produce toxins, many species can produce a diverse array of 
biotoxic compounds that are detrimental to human health(Stewart et al.). 
Cyanobacteria toxins are secondary metabolites produced by the cells that are hypothesized to 
serve a variety of ecological roles, including defense from grazers, but their purpose and triggers to their 
formation are still not well understood (Kurmayer). While cyanobacteria produce a suite of biotoxic 
compounds, microcystins are the most commonly found cyanobacterial toxins, produced by many 
cyanobacteria genera including members of Planktothrix (formerly Oscillatoria), Microcystis, Anabaena, 
Nodularia, Nostoc, Fischerella, Anabaenopsis, Hapalosiphon, and Gloeotrichia (Rastogi et al.; Sivonen 
and Jones). Microcystins are cyclic heptapeptides that come in over 80 different forms of varying toxicity 
that can negatively impact the health of humans and other animals (De Figueiredo et al.; Stewart et al.; 
Welker and Von Döhren). Acute exposure to microcystin-producing cyanobacteria blooms has been 
linked to deaths of dogs (Backer, Landsberg, et al.) and humans (Pouria et al.), whereas chronic exposure 
to microcystins has been linked to liver damage in rainbow trout (Fischer), and cancer and non-alcoholic 
liver disease in humans (Ueno et al.; Zhou et al.; Zhang et al.). The extensive variety of health effects due 




Exposure to cyanotoxins can occur in a variety of ways, from ingesting contaminated food 
(Ibelings and Chorus; Codd et al.), direct ingestion of toxins in drinking water (Stewart et al.), and 
through recreational exposure on bodies of water containing toxins (Backer, McNeel, et al.; Backer, 
Carmichael, et al.). In the US, most health advisories have focused on drinking water as the likeliest 
pathway for exposure to cyanotoxins (EPA: United States Environmental Protection Agency)1. Lake 
managers and health departments need to know more about the seasonal and spatial patterns of 
cyanobacteria populations and what may trigger toxin formation to better gauge and manage exposure 
risk.  
Surface blooms and scums of cyanobacteria are the most obvious visible manifestations of 
cyanobacteria and it has been widely assumed that high exposure risks for cyanobacteria toxins are 
confined to areas with high cyanobacteria biomass. For this reason, many cyanobacteria studies and 
cyanobacteria monitoring and health advisories focus on beaches and surface waters of lakes (EPA; 
Murby). However, some lakes exhibit dense layers of cyanobacteria at or below the thermocline. 
Understanding the formation of these deep-water “metalimnetic” blooms – the basic biology, ecology, 
and natural history of cyanobacteria - and what factors affect and trigger the toxicity, are vital to inform 
effective monitoring strategies and management of lakes. Specifically, the development of monitoring 
plans, risk assessment, and mitigation depend on detailed knowledge of several key questions: 
• When and where do these deep-water layers of cyanobacteria form in lakes in New Hampshire; 
what cyanobacteria species are present; and what are the environmental conditions where layers 
are found? 
• Are these layers producing cyanobacteria toxins and if so, how significant is the contribution of 
layer toxin to surface water toxin levels? 
 
1 The EPA released ten-day health advisory recommendations for microcystin levels in drinking water of 0.3 
g/L for children, and 1.6 g/L for adults(EPA: United States Environmental Protection Agency). Thresholds for 
recreational exposure to cyanobacteria blooms have been set slightly higher at 8.0 g/L(EPA: United States 




• What environmental parameters are most highly correlated with the presence/levels of toxin in 
lakes and might be useful to use in a management monitoring risk assessment framework? 
 
When and Where Layers Form? 
The formation of deep water layers of phytoplankton, often within the metalimnion of lakes, is a 
phenomenon limnologists have known about for quite some time (Reynolds). In aquatic environments, 
cyanobacteria have developed a greater tolerance for low light conditions that allows them to live deeper 
in the water column, due to the differences between the photosynthetic apparatus of cyanobacteria and 
algae (Oliver et al.) including use of cyanobacteria-specific accessory pigments like phycocyanin. 
Metalimnetic layers of cyanobacteria (most commonly Planktothrix/Oscillatoria sp.) can form in lakes 
with stable stratification where the euphotic zone extends below the thermocline (Reynolds). Light is very 
important in determining where these layers become established with layers most commonly found at 
depths with light levels 1-5% of surface irradiance (World Health Organization; Konopka et al.). The 
physics of the formation and stability of these layers is understood to be related to the shape of the 
Planktothrix filaments, the associated slow sinking/rising rate, and their stable gas vacuoles (Walsby and 
Klemer). Many species of cyanobacteria use gas vacuoles to control their buoyancy to determine their 
position in the water column (Walsby and Klemer).  
Cyanobacteria layers, which can range in depth depending on the lake, can last for weeks and 
occur in lakes of varying trophic states. They have been seen in eutrophic lakes (Lindholm and 
Meriluoto), mesotrophic lakes (Halstvedt, Rohrlack, and Andersen; Garneau et al.), and lakes that are 
meso-oligotrophic (Cerasino et al.). These layers have been shown to change their vertical distribution in 
response to changing light conditions and become entrained in surface waters for periods of the summer 
(Reynolds; Lindholm and Meriluoto). Layers have been suggested to be a sign of recovery from 
eutrophication (Garneau et al.). 




The majority of published papers that report on the toxicity of deep-water cyanobacteria layers 
found higher levels of the toxin of interest in the sampled layer than in the surrounding waters2 (Table 1). 
Planktothrix have been shown to produce primarily demethylated forms of microcystin, especially [D-
Asp3]MC-RR, [D-Asp3]MC-HtyR, and [D-Asp3]MC-LR as well as anatoxin, aeruginosin, and potentially 
BMAA (Fastner et al.; Esterhuizen and Downing; Viaggiu et al.; Kohler et al.). Lindholm and Meriluoto 
tracked a deep water maxima of Oscillatoria [Planktothrix] agardhii over the course of three summers 
(1988-1990) and profiled the toxicity, chlorophyll-a and lake parameters such as light, temp, DO, and 
Secchi disk depth (Lindholm and Meriluoto). They measured microcystin-RR and extracted chlorophyll-a 
levels every meter weekly and found that chlorophyll-a and toxicity tracked very well, both peaking at 6-
8m. The toxin peaked at around 30 μg L-1 every summer in the metalimnion and did show entrainment 
into surface waters contributing to the distribution of microcystin in Lake Ostra Kyrksundet. Cerasino et 
al. (2016) tracked a suite of toxins in Lake Garda over five years and found accumulations of 
cyanobacteria and toxins in the metalimnion. The highest toxin value they measured, 540 ng L-1, was 
sampled in August at 20m depth. However, most concentrations measured were very low with the median 
toxin value at 20 m of 12.4 ng L-1. MC-RRdm was the most prevalent toxin measured in Lake Garda. 
Table 1 summarizes the light conditions and toxin levels found in other studies on lakes with deep-water 
cyanobacteria layers in Europe.  
Table 1: Summary of lakes with layers from the literature with species, light conditions and their microcystin levels 
Author/Reference Lake Species Light Microcystin  Notes 
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2 Part of this phenomenon could be due to positive publication bias, i.e. only cyanobacteria layers that produce 
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Effect of Environmental Variables on Toxin Production 
Nutrients, light, and temperature have been suggested as the major factors influencing the 
production of toxins in cyanobacteria (Sivonen and Jones; Reynolds). Light affects toxin production in 
different cyanobacteria groups differently, with Microcystis spp. producing higher toxin levels at higher 
light levels while Planktothrix spp. produce higher toxin levels under low light conditions in the lab 
(Sivonen and Jones; Sivonen). There is also some evidence that total microcystin per biovolume might 
not change based on light regime but the form may shift from RR to LR (Tonk et al.).   
Most studies on the environmental factors influencing the spatial distribution and toxicity of 
metalimnetic Planktothrix blooms have been done in larger European lakes (Table 1). Differences in lake 
morphology and climate raise the question of whether metalimnetic populations in the Northeastern US 




States to understand the health impacts of cyanobacteria blooms necessitates a greater understanding of 
the potential impact of metalimnetic blooms on drinking water, and public health as a result of 
recreational activities.  
Toxins have most often been reported from eutrophic lakes but mesotrophic and oligotrophic 
lakes have toxic blooms as well (Nimptsch et al.). In general, cyanobacteria produce less toxin in low-
nutrient conditions but nitrogen fixing genera are still able to produce toxins in a nitrogen-free 
environment (Kaebernick and Neilan; Sivonen and Jones; Haney and Ikawa).  Phycocyanin levels, 
measured either as fluorescence or extracted, have been presented as a management tool for predicting 
cyanobacteria presence, abundance, and potentially associated microcystin levels (Francy et al.; Kasinak 
et al.). Amanda Murby McQuaid found that phycocyanin fluorescence was significantly correlated to 
microcystin toxin levels in the surface waters in a study of five New Hampshire lakes (Murby).  
McQuaid’s work as well as routine monitoring conducted by the New Hampshire Lakes Lay 
Monitoring Program (LLMP), suggest some lakes in New Hampshire exhibit deep water layers of 
cyanobacteria, detectable as peaks in phycocyanin fluorescence near the metalimnion during routine 
monitoring (Lakes Lay Monitoring Program unpublished data). In this study, three lakes in New 
Hampshire known to typically contain deep water layers of cyanobacteria, were monitored to assess the 
seasonal development of these layers, cyanobacteria species composition, microcystin production patterns 
and to identify environmental factors associated with the layers. This study represents a comprehensive 
look at the seasonal and vertical patterns in cyanobacteria abundance and toxin concentration in New 






Baboosic Lake:  
Baboosic Lake is a mesotrophic natural lake with a history of cyanobacteria 
blooms in the spring and summer. A water-quality program aimed at reducing 
nutrient loading to the lake began in 2008 following a report that highlighted the 
contribution of septic systems around the lake to eutrophication problems.  
Figure 1: Location of three study lakes in New Hampshire 
Mirror Lake:  
Mirror Lake is a natural Meso-oligitrophic lake located just to the east of Lake Winnipesaukee. 
Mirror Lake was designated as impaired for primary contact recreation due to recurring cyanobacteria 
surface scums in 2008 and was placed on the Federal Section 303(d) list (Chapman and Connor). A deep-




Marsh Pond is a small, shallow, high-flow-through embayment of the Merrymeeting River just 
downstream of the New Hampshire Fish and Game Powder Mill Fish Hatchery. As far as we can tell, no 
surface cyanobacteria blooms have ever been reported at Marsh Pond, however Jones and Downing 
ponds, downstream impoundments of the Merrymeeting River have been plagued with cyanobacteria 




Table 2: Selected physical and morphological characteristics of study lakes 
Watershed area data for Baboosic and Mirror comes from management plan documents and information for Marsh Pond comes 
from NHDES reports (Chapman and Connor; Geosyntec Consultants). 
In the Field 
In 2017, during the course of routine sampling of 28 lakes with the New Hampshire Lakes Lay 
Monitoring Program, deep water layers of cyanobacteria were identified in six lakes using a YSI EXO 2 
Multiparameter Sonde equipped with a probe to detect in-vivo chlorophyll a and phycocyanin 
fluorescence. Three lakes with significant cyanobacteria layers in 2017 were selected for intensive 
monitoring during the 2018 field season: Marsh Pond, Baboosic Lake, and Mirror Lake (Figure 1). These 
lakes were sampled monthly from April 2018 through October 2018. Due to sampling constraints, 
samples were collected at one centralized sampling location at the deepest portion of each lake to 
characterize overall lake condition.  
At the deep site, the EXO 2 was lowered at a rate of 0.5 m/min through the water column of the lake 
from the surface to the sediment at the deepest point, rapidly logging data every three seconds to create a 
near-continuous vertical profile of chemical parameters. From 2017-2018, the EXO 2 was equipped with 
sensors for temperature, depth, optical dissolved oxygen, pH, turbidity, specific conductance, oxidation 
reduction potential, fluorescent dissolved organic matter (FDOM), and chlorophyll a/phycocyanin 
fluorescence. A peak in the phycocyanin fluorescence indicated the presence of a deep-water 
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cyanobacteria population and triggered the cyanobacteria layer sampling protocol. The point of maximum 
phycocyanin fluorescence was used to determine the target depth for layer sampling. When there was no 
spike in phycocyanin present, as found in spring months, the “layer” sample was collected from the depth 
where the layer was last seen in 2017. The EXO was calibrated regularly to prevent instrument drift 
(Yellow Springs Instruments). 
Underwater irradiance was measured with a Li Cor model LI-192 Underwater Quantum Sensor 
(PAR) mounted on model 2009S lowering frame positioned to monitor downwelling light. A deck cell 
(LI-190) mounted on a frame and leveled was used to account for changing sunlight conditions due to 
fluctuating cloud cover. Both sensor outputs were recorded using a model LI-1400 data logger that 
applied each sensor’s specific calibration constant and recorded the date, time, deck cell and underwater 
cell response. A light profile was collected at the lake surface (0.1m) then every half meter to the bottom 
of the lake. 
Triplicate water samples were collected from 0-3.0 m using an integrated tube sampler and from the 
depth of the peak of the cyanobacteria layer as determined by the phycocyanin fluorescence measured by 
the EXO 2 sonde. Integrated samples were collected from the surface to three meters depth to coincide 
with the U.S. Environmental Protection Agency (EPA) Cyanobacteria Monitoring Collaborative sampling 
protocol (EPA). In Baboosic Lake and Mirror Lake, the 0-3.0 m surface sample always fell within the 
epilimnion of the lake. In Marsh Pond, the surface sample consistently dipped below the true epilimnion 
(the depth at which the temperature changes by more than 0.5 C in 0.5 m) during the summer months. The 
layer samples were consistently collected from below 3.0 m in all lakes studied. The layer depth was 
sampled using a peristaltic pump (Cole Palmer Masterflex L/S Model #: 7518-02) connected to 5/16 in 
external-diameter Tygon tubing. Water clarity was measured on the shady side of the boat using a black 
and white Secchi disk and a view scope with a plexiglass lens. Samples for total phosphorus and total 




mL of concentrated sulfuric acid preservative. Water samples were placed in the dark in a cooler and 
transported on ice back to the lab.  
In the Lab 
Fifteen mL from each triplicate water sample from the surface and the layer were combined and one 
sample for each depth was shipped overnight on ice to Dr. Ann St. Amand at PhycoTech (St. Joseph, 
Michigan) to be counted using an Imaging Flow CytoBot (IFCB). Cell counts and biovolume estimates 
were provided for each taxon in each sample based on images captured as particles pass through a flow 
cell. These cell counts are semi-quantitative and cannot be directly compared to traditional cell counts. 
All samples were run on fresh material within 24 hours whenever possible. 
For each triplicate water sample, 250 to 500 mL were filtered for chlorophyll using vacuum filtration 
on 0.45 m cellulose membrane filters (47 mm diameter Millipore HAWP), dried in the dark overnight 
and then frozen at -20 C until chlorophyll extraction analysis (Schloss and Craycraft). The filtrate from 
one replicate was poured into an acid-washed bottle and analyzed for soluble reactive phosphorus and 
nitrate according to the LLMP standard operating procedure (Schloss and Craycraft). 60 mL of filtrate 
from another replicate was set aside for fluorescence analysis and Total Color analysis (Schloss and 
Craycraft). An additional 250 to 500 mL of water from each replicate was filtered through a Pall A/E 1 
m glass fiber filter and immediately frozen at -20 C for extracted phycocyanin analysis. Samples 
collected for total phosphorus and total nitrogen analysis were run within two weeks according to the 
LLMP SOP (Schloss and Craycraft).  
Subsamples were taken from each 2 L triplicate sample from both depths. Unfiltered whole lake 
water was immediately frozen at -20 C for microcystin toxin analysis in 40 mL plastic histological 






Chlorophyll-a extraction was achieved by grinding filters with glass tissue grinders in 90% acetone 
with MgCO3  buffer and extracting samples for at least four hours in the dark at 4 C.  Samples were then 
read on a Genesys 6 Spectrophotometer using a 5.0 cm pathlength glass cuvette. To quantify the 
absorbance due to pheophytin 0.5 mL of concentrated sulfuric acid was added to each sample (Schloss 
and Craycraft).  
Microcystin (MC) Analysis 
Whole lake water (1.8 mL) was pipetted into pre-weighed and labelled plastic Eppendorf tubes. 
Tubes with sample were re-weighed and then samples were subjected to three cycles of freezing at -80 C, 
thawing, and then sonicating for three minutes in the Ultrasonic Bath CPX/CPXH series (ThermoFisher 
Scientific, Waltham MA) to break up the cells and release the toxin. Samples were then placed in a Jouan 
RC 10.10 Speed-Vac until the sample volume in the tubes was reduced to about 0.2 mL to further 
increase the level of detection of toxin. Specific concentration factors were determined for each sample by 
the weight difference pre and post speed-vac. Tubes were then weighed again and refrozen at -20 C until 
microcystin concentration was determined using a high sensitivity EnviroLogix® ELISA QuantiPlate ™ 
kit (EnviroLogix). This kit quantifies multiple different microcystin variants (MC-LR, MC-LA, MC-RR, 
MC-YR) but reports values as MC-LR equivalents. Toxin concentrations were determined from optical 
density measurements on a Bio-Tek Instruments Inc. EL800 Universal Microplate Reader using a four 
parameter logistic standard curve for calibration as per kit instructions. 
Data Analysis 
Most statistical tests including parametric ANOVAs, and t-tests, and non-parametric Wilcoxon rank 
sum test, Kruskal Wallace tests, were run in R. Non-parametric analyses including Kendall’s Tau and 
Wilcoxon Rank Sum Tests were conducted where the data failed to pass assumptions testing. A Partial 
Least Squares Regression was run in JMP (SAS Institute 2018) to determine which environmental and 




Squares Regression is a flexible multivariate statistical method that has only recently been applied to 
ecology and can be used as an exploratory analysis tool to select suitable predictor variables especially in 
situations where the number of observations is fewer than the number of predictor variables. PLSR does 
not require the same restrictive assumptions that underlie other regression based tools (Carrascal et al.).  
When a layer was present, patterns in cyanobacteria community composition were explored using 
Nonmetric Multi-Dimensional Scaling (NMDS) in PC-ORD. Differences between groups (between lakes 
and surface vs. layer) were tested using Multiple Response Permutation Procedure (MRPP) also in PC-
ORD (McCune and Mefford). 
Results 
EXO Profiles- the seasonal development and persistence of cyanobacteria layers  
All three lakes developed sharp positive heteroclines in phycocyanin fluorescence (spikes or peaks in 
the vertical profile) in the summer of 2018 (Figure 2). By early July, a sharp peak in the phycocyanin 
fluorescence was visible close to the bottom of Baboosic Lake and Marsh Pond. A phycocyanin peak did 
not appear in Mirror Lake until August. Phycocyanin spikes increased in strength in all three lakes over 
the course of the summer, peaking in September (Figure 2). Lakes were in the process of fall turnover and 
had mixed below the level of the layer by the last sampling in October. Mirror Lake had not mixed below 
the layer by the early October sampling event so a second October sampling was conducted to capture the 





Figure 2: Temperature and phycocyanin fluorescence profiles at the three study lakes paneled by sampling date 




The interface between the phycocyanin peak and the water above it is often very sharp whereas the 
decline in fluorescence is more gradual below the layer peak to the bottom of the lake. In Baboosic Lake 
and Marsh Pond the peaks moved up in the water column over the course of the season. However, in 
Mirror Lake, the layer appeared just above 8.0 m in August and remained at a similar depth until October. 
Depths of the phycocyanin peaks ranged from 3.6 m to 4.5 m in Marsh Pond, 5.25 m to 6.4 m in Baboosic 
Lake, and from 7.5 m to 7.8 m in Mirror Lake (Figure 2).  These phycocyanin peaks presented at the 
interface between the metalimnion and hypolimnion in the study lakes. Profiles indicate that sampling 
was started before stratification had fully set up in the spring of 2018 and went until the mixed layer 
extended below the level of the cyanobacteria layer in the fall (Figure 2). Baboosic and Mirror Lake had 
not fully turned over by the end of sampling. The temperature profiles for Marsh Pond show that while 
the surface 0-3.0m sample extends below the level of the true epilimnion, the phycocyanin layer never 
overlapped with the 0-3.0m surface samples. 
In spring sampling events dissolved oxygen was high throughout the water column and very low 
levels of chlorophyll-a and phycocyanin fluorescence were detected (Figure 3). As the summer 
progressed, dissolved oxygen began to decline in the hypolimnetic waters, with anoxic conditions 
observed at the bottom of all three lakes by the July sampling event. Positive heterogrades in the 
dissolved oxygen profile were often but not always seen in conjunction with the phycocyanin peak, an 
indication that the layers are likely photosynthetically active (Figure 3). Substantial chlorophyll-a layers 
(spikes in the chlorophyll-a fluorescence) were observed at depths above the phycocyanin layers in Marsh 
Pond and Mirror Lake in 2018 (Figure 4) and at Baboosic Lake in 2017 (Appendix A: : Additional 





Figure 3: Dissolved oxygen and phycocyanin fluorescence profiles at the three study lakes paneled by sampling date 





Figure 4: Profiles of temperature, optical dissolved oxygen, chlorophyll - a fluorescence, and phycocyanin 
fluorescence collected using a YSI EXO 2 multiparameter sonde in September 2018 at the three study lakes. 
Sampling depths for the “layer” sample were determined by the peak of the phycocyanin profile or, 
where no peak existed, the depth at which the peak was found the year before (Figure 5). The sampling 
event in August at Mirror Lake the layer sample was mistakenly taken from the strong chlorophyll peak at 






Figure 5: Depths at which layer samples were collected, and depth of the thermocline in the three lakes in 2018. 
 *- For the sampling event in August at Mirror Lake the layer sample was mistakenly taken from the chlorophyll peak at 
5.75 m and missed a phycocyanin peak at 8.0 m. 
In general, the thermocline deepened over the course of the season in Baboosic and Mirror as would 
be expected (Figure 5). Marsh Pond is very strangely stratified as can be seen in the shallow then 
abnormally deep thermocline values and the pattern in relative thermal resistance to mixing (Figure 6). 
Thermocline values calculated based on the temperature profiles for each sampling date using the 
thermos.depth function in RLakeAnalyzer package in R and correspond to the peak of the relative thermal 
resistance to mixing graphs (Figure 6).  
The relative thermal resistance to mixing (RTRM) is a unitless number that has been used by 
limnologists for over a century as a proxy for temperature-induced density differences between two layers 
of water causing resistance to mixing (Birge). The larger the number the greater the difference in density 





very low RTRM in the spring when sampling began and in the fall during turnover when temperature 
differences between depths were minimal. Baboosic and Mirror developed thermoclines with high RTRM 
values in the summer while in Marsh RTRM values peaked in July and were lower later in the summer 
(Figure 6). Layers appeared below the thermocline and then appear to rise in the water column until they 
reach a temperature induced resistance to mixing, remaining at the base of the metalimnion or right at the 





Figure 6: Relative Thermal Resistance to Mixing (RTRM) in the three study lakes with depth of cyanobacteria layer 




Nutrients and Light 
Total Phosphorus 
Total Phosphorus ranged from 7 ppb in the surface of Mirror to 257.7 ppb in the layer in Marsh Pond 
in July (Figure 7). In April, May, June, and July at Marsh Pond, bottom and layer samples were collected 
at the same depth of 4.5m but all bottom samples were collected with a vertical Van Dorn sampler and 
layer samples were collected with a peristaltic pump. Total Phosphorus increased in the layer at Baboosic 
lake over the course of the sampling season. The surface of Mirror and Baboosic lake became depleted in 
phosphorus compared to their spring condition while the bottom and layer samples become enriched over 
the course of the season, potentially reflecting the gravity-driven settling of organic matter. However, this 
discrepancy between surface and bottom total phosphorus also suggests that internal nutrient loading from 
the sediments might be playing a role in those lakes. Total phosphorus increased in the surface of Marsh 
Pond over the course of the sampling period until turnover in October. The total phosphorus at the layer 
sampling depth peaked in July, while the bottom sample peaked in September at Marsh Pond. In all three 
lakes, from June until the end of the sampling season, the surface total phosphorus was always lower than 
the layer and the bottom (Figure 7). There is no consistent pattern across the lakes with respect to 





Figure 7: Total Phosphorus levels in the three study lakes including the bottom TP.  
 
Soluble Reactive Phosphorus  
Soluble reactive phosphorus (SRP) remained in the low single digits throughout the sampling season 
in Mirror and Baboosic Lakes (Figure 8). Marsh Pond had higher levels of SRP in the surface and the 
layer, climbing to 60 g/L in the layer in August. The SRP in the layer of Marsh Pond was significantly 
higher than any other combination of Lake/Depth Category based on a Tukey’s HSD test run on the 
significant Lake: Depth Category interaction term of the split plot ANOVA (p-value = 0.04). The SRP 





Figure 8: Soluble reactive phosphorus in the three study lakes between May and October 2018 
When a cyanobacteria layer was present, layer samples typically had more nutrients than the 
integrated surface sample – as much as 5.9 times more for total phosphorus and 15 times for soluble 
reactive phosphorus (Table 3). Higher nutrients at the layer depth could be explained by several factors 
including internal loading, phosphorus contained in cyanobacteria biomass, and remineralization of 
settled phytoplankton material due to bacterial decomposition. But the fact remains that cyanobacteria 
layers were found at areas with higher nutrients than the surface waters.  
Table 3: Phosphorus levels in the layer samples when a cyanobacteria layer was present. * The sampling event in 
August at Mirror Lake the layer sample was mistakenly taken from the chlorophyll peak at 5.75 m so no nutrient data is 
available at the phycocyanin peak at 8.0 m. 










Baboosic July 6.3 23.1 1.9 7.5 
 August 5.5 59.9 5.1 4.3 
 September 5.25 65.3 4.6 1.7 
Marsh July 4.5 257.7 5.9 3.7 
 August 3.9 186.6 3.3 13.3 
 September 3.6 95.4 1.5 2.0 
Mirror August 7.7 * * * 
 September 7.5 52.5 5.6 15.0 





Total Nitrogen levels followed a very similar pattern to phosphorus levels and ranged from 199 g/L 
to 1,856 g/L over the course of the sampling season in 2018. There was no statistically significant 
difference in total nitrogen levels between lakes, depth categories, or months based on a split plot 
ANOVA analysis (p-value = 0.33, p-value = 0.14, p-value = 0.14 respectively) but in general, the total 
nitrogen levels were higher in the layer samples than the surface samples. Nitrate samples were taken for 
all dates and depths, but the results were all below the detectable limit.  
 
Figure 9: Total Nitrogen levels in the three study lakes measured monthly in 2018 
Light 
Cyanobacteria persisted at very low light levels. Light levels at the depth where Planktothrix layers 
were found ranged from 11.8 mol m-2 sec-1 in August at Marsh Pond to 2.3 mol m-2 sec-1 in September 
at Mirror Lake (Table 4). These light levels are comparable to levels reported for other Planktothrix layers 
(Table 1). The percent light levels at the depth of the cyanobacteria layer ranged from 0.2 to 1.8, showing 
the layers living right at and below the photic zone which is typically considered to be the depth where 




Table 4: Selected physical and optical parameters at depth of Planktothrix isothrix layer sampling during months 
when a layer exists. 


















Baboosic July 6.3 5.5 0.5 10.9 0.41 140.3 
 August 5.5 2.4 0.2 16.6 0.55 144.4 
 September 5.25 3.9 0.3 19.8 1.58 138.2 
Marsh July 4.5 10.6 0.8 11.4 3.4 65.3 
 August 3.9 7.0 1.8 16.0 3.0 65.0 
 September 3.6 11.8 1.2 17.2 9.65 64.0 
Mirror August 7.7 7.0 1.0 9.9 0.56 79.6 
 September 7.5 2.3 0.3 12.6 1.0 79.8 
 October  7.8 8.0 0.8 15.0 3.1 79.1 
 
Phytoplankton Species Composition and Toxins  
All three study lakes developed dense metalimnetic layers of cyanobacteria over the sampling season 
in 2018. Figure 10 shows the seasonal trend in cyanobacteria cell counts from the surface and the layer 
sample for all three lakes in 2018 as measured by the Imaging Flow Cytobot (IFCB) at Phycotech Inc . 
The maximum density of the layer differed slightly between the three lakes peaking in September at all 
three lakes with >107,000 cells/mL in Baboosic, >153,000 cells/mL in Marsh Pond, and >57,000 
cells/mL in Mirror Lake4.  
 
4 These cell counts are likely an underestimation of actual population estimates as the IFCB tends to slightly 





Figure 10: Density of cyanobacteria (cells/mL) measured by the Imaging Flow CytoBot (IFCB) in the surface and the 
layer samples from the three study lakes in 2018 
The samples collected from the layer depth had higher extracted chlorophyll values than the surface 
except for August in Marsh Pond when a dense, close to the surface, non-cyanobacteria layer tentatively 
identified as Ceratium sp., was present at ~1.5m and was captured in the 0-3.0 m surface sample. The 
inclusion of this layer in the collected sample most likely elevated the extracted chlorophyll values in the 





Figure 11: Extracted chlorophyll - a from samples collected from 0-3.0 m (Surface) and at the layer depth (Figure 5) 
for all three study lakes in 2018, error bars represent standard error of triplicate samples. 
Planktothrix sp. dominated the phytoplankton community in the layer samples, making up between 





Figure 12: IFCB calculated biovolume of Planktothrix sp. relative to total phytoplankton biovolume for each sample 
in the three study lakes in 2018 
While Planktothrix species dominated the overall algal biomass in the lakes when present at depth in 
each of the lakes, it was by no means the only species of cyanobacteria present in the study lakes. The 
potentially toxin-producing cyanobacteria community at the surface showed a mixed assemblage in all 
three of the lakes (Figure 13). Seven potentially toxin-producing cyanobacteria groups of concern were 
identified by the Imaging Flow CytoBot (IFCB). No potentially-toxic cyanobacteria were detected in the 





Figure 13: Abundance of toxic cyanobacteria of concern in the three study lakes in 2018. A and B show Surface 
cyanobacteria abundance. C and D: cyanobacteria community in the layer with Planktothrix removed from the 
community and E and F: Planktothrix sp. abundance in the layer only. May samples are not shown because no toxin-




Microcystis was present in low levels in the surface of Baboosic Lake until abundance increased 
dramatically in October.  Microcystis also increased, albeit at lower levels, later in the season in Mirror 
Lake (Figure 13). Aphanizomenon spp. were detected in low levels in Baboosic and Marsh Pond with 
levels peaking in October in the surface of Baboosic (Figure 13). Aphanizomenon gracile, Sphaerocystis, 
and Chrysosporum morphotypes were only detected in Baboosic Lake and levels peaked in the surface in 
September (Figure 13). Dolichospermum sp. was present in the layer of Mirror Lake during the early 
summer and was replaced by Microcystis sp. as the sub-dominant species in the layer samples besides 
Planktothrix. A full data listing of cell counts and biovolume estimates for all species of cyanobacteria 
can be found in Appendix A (Table 6 and Table 7).  
Microcystin 
The microcystin levels in the three study lakes ranged from below detectable limit (0.7 ng/L was the 
lowest value detected in our study) to 107 ng/L in the surface of Baboosic Lake in October (Figure 14).  
Even the highest microcystin levels detected in this study were almost three times lower than the EPA 
ten-day health advisory for microcystin levels in drinking water of 0.3 g/L (300 ng/L) for children, more 
than nine times lower than the drinking water limit set by the World Health Organization at 1.0 g/L 
(1000 ng/L), and almost 75 times less than the EPA limit for recreational exposure at 8.0 g/L (8000 





Figure 14: Microcystin levels (+/- Standard Error) for three study lakes in 2018. 
 
When examined at the whole experiment level, microcystin levels did not differ significantly among 
lakes, between the surface and the layer, or across months. With the split plot experimental design used, 
with Lake and Depth category (Layer and Surface) making up the main plot and with month as the sub 
plot, there was no detectable difference in microcystin levels between lakes, levels, or months (p-value = 
0.23, 0.40, and 0.07 respectively). However, there was a significant interaction between Lake and Depth 
category. A Tukey HSD test on the combinations of those factors indicated that microcystin levels at the 
surface of Baboosic Lake were significantly higher than the other combinations. Several questions were 
asked to delve more deeply into the microcystin data, attempting to understand the ecology of toxin 
formation and potentially pinpoint times or places that triggers toxin production:  
1) Are the pre-stratification, baseline toxin values statistically different between the surface and the 




Microcystin concentrations in both the surface and layer samples were very low in May, the expected 
result in a pre-stratification system with no detectible toxin-producing cyanobacteria of concern. Using 
only the data from May, the comparison of surface and layer values was run for each lake individually 
using a t-test because the two-way ANOVA had a significant interaction between Lake and Depth 
Category (Stats ANOVA tables, Appendix A). The microcystin levels in the surface are not significantly 
different than those detected in the layer at Baboosic Lake (n = 6, p-value = 0.32) and Marsh Pond (n = 6, 
p-value = 0.21). In Mirror Lake, all three readings for the layer were below the detectable limit (BDL) of 
the ELISA test and the surface samples were very close to the detectable limit. Even with the significant 
interaction, this result confirmed that close to spring mixis, microcystin levels were very low and there 
was no difference between the surface and the layer pre-stratification in all three lakes. 
2) Are there higher levels of microcystin in the layer samples when a cyanobacteria layer is present 
when compared to the pre-stratification baseline values in the spring?  
To test to see if the microcystin concentration increased in the layer samples once a layer of 
cyanobacteria had formed,  the pre-stratification microcystin levels were compared to the microcystin 
levels when a cyanobacteria layer was present (the months included in this analysis varied by lake and 
can be seen in ). A significant difference could indicate toxin production in the layer, or it could indicate 
that microcystin was transferred to the layer depth through some other mixing/diffusion mechanism.  A 
significant interaction in the two-way ANOVA between Lake and Sample Type (pre-stratification vs. 
layer present) made a case for simple effects analysis. Baboosic Lake had significantly higher toxin levels 
at depth when a cyanobacteria layer was present than pre-stratification values (two-way t-test, n = 12, p-
value = <0.001). On the other hand, Marsh Pond did not display such an increase in layer microcystin 
values (two-way t-test, n =12, p-value = 0.98). Mirror Lake did not pass the homogeneity of variance 
assumption due to the BDL values in the pre-stratification and could not be statistically compared but 
microcystin levels in the layer did increase, in that during the time a layer was present, toxin values were 




3) Are there higher levels of microcystin in the surface samples when a cyanobacteria layer is 
present at depth when compared to pre-stratification spring baseline values?  
Similar to the previous test, we wanted to see if there was a significant increase in microcystin levels 
in the surface of the lakes when a cyanobacteria layer was present compared to pre-stratification 
“baseline” toxin levels. If there is a significant difference this could indicate toxin production in the 
surface waters or suggest toxin transfer from somewhere else through mixing processes. In the surface 
samples only, the pre-stratification “starting point” microcystin levels were compared to the microcystin 
levels when a cyanobacteria layer was present (the months included in this analysis varied by lake and 
can be seen in ). Again, a significant interaction in the two-way ANOVA between Lake and Sample 
Type led to a simple effects analysis. Surface microcystin levels were significantly higher during the late 
summer (when a cyanobacteria layer was present) compared to pre-stratification surface microcystin 
levels in Baboosic Lake (two way t-test, n = 12, p-value = <0.001) and Mirror Lake (two way t-test, n = 9, 
p-value = <0.001). Marsh Pond, however, produced no significant difference between pre-stratification 
and “layer present” toxin levels in the surface waters (two-way t-test, n = 12, p-value = 0.36).  
4) When the layer is present and successfully sampled, is there a difference in microcystin 
concentration between the surface and the layer? 
When Planktothrix sp. was dominant in a layer and that layer was sampled (excluding data from the 
Mirror Lake August sampling when a cyanobacteria layer was present but not sampled), microcystin 
levels were significantly higher in the surface than in the layer in two out of the three study lakes. The 
significant interaction in the two-way ANOVA means that we have a reason to examine the simple effects 
of level at each lake. The data for Mirror Lake failed the assumption of homogeneity of variance and so 
non-parametric tests were used for all three lakes (these tests match results of parametric t-tests conducted 
on the two lakes that did pass homogeneity of variance). During the period of time when a layer of 




the layer at Baboosic Lake (Wilcoxon rank sum test, n = 18, p-value = < 0.01) and Mirror Lake 
(Wilcoxon rank sum test, n = 12, p-value = <0.01). No difference was detected between the surface and 
the layer in Marsh Pond during the time that the layer was present (Wilcoxon rank sum test, n = 18, p-
value = 0.49).  
5) Do the three lakes differ in microcystin concentration in the layer samples when a cyanobacteria 
layer is present?  
Microcystin levels in the layer were significantly different between all three lakes when compared 
across all dates. Log transformed toxin data did not pass the assumption of normality in the layer-only 
dataset, so using an ANOVA is not prudent. The non-parametric Kruskal Wallace rank sum test indicated 
that there was a significant difference between microcystin levels separated by lake (Kruskal-Wallis chi-
squared = 29.133, df = 2, p-value = <0.001). Testing those differences post-hoc with pairwise 
comparisons using a Wilcoxon rank sum test confirms that microcystin concentrations in all three of the 
lakes are significantly different from each other. 
Univariate statistics can tell us when microcystin levels differ between time periods or depths but in 
order to tease out some possible explanations of why they differ, we can use the multivariate analysis 
toolbox to see if the physiochemical parameters, or the biological cyanobacteria community parameters 
likely have a larger influence on microcystin levels in these New Hampshire lake systems.   
Multivariate Statistics: 
A Partial Least Squares Regression (PLSR) was run in JMP to determine which of a subset of 
environmental and cyanobacteria community metrics best explained the observed levels of microcystin in 
the study lakes. Environmental variables included Total Phosphorus, Total Nitrogen, Soluble Reactive 
Phosphorus, extracted chlorophyll-a, and cyanobacteria community data included total phytoplankton 
biovolume, total biovolume of toxin producing cyanobacteria of concern, biovolume of Planktothrix spp., 




gracile/Sphaerocystis/Chrysosporum spp., and Aphanizomenon flos-aquae measured using the Imaging 
Flow CytoBot at PhycoTech Inc.  
In the PLSR, two composite factors were able to explain 80% of the variability in microcystin levels, 
with Microcystis spp. biovolume, Aphanizomenon sp. biovolume, the taxa group containing  
Aphanizomenon gracile/Sphaerocystis/Chrysosporum spp. biovolume, and Dolichospermum spp. 
biovolume as the most important variables explaining the microcystin levels (Figure 15). The biovolume 
of Planktothrix sp. is not an important factor in the model despite this genus being the most abundant in 
this study and one of the toxin-producing cyanobacteria species of concern. Remarkably, for the locations 
examined in this study, the amount of microcystin is more highly correlated with other species-specific 
biovolumes than the total biovolume of potential toxin-producing taxa. Less surprising is the lower 
correlation to the total phytoplankton biovolume. In these lakes, it appears that the biological factors of 
cyanobacteria community dynamics may have a stronger influence on microcystin patterns than nutrient 
levels. 
 
Figure 15: Variable Loading Plot for Partial Least Squares Regression run in JMP. Importance values over 0.8 




 During only the period of time when a cyanobacteria layer was present, we used Non-metric 
Multidimensional Scaling (NMDS) to examine differences in the cyanobacteria community of the three 
study lakes. Non-metric Multidimensional Scaling calculates the distance between our sample units in 
multidimensional species space and for this ordination we used cyanobacteria cell counts as our measure 
of abundance. In PC-ORD 6, data was log10 (N + 1) transformed and an NMDS was run in the Autopilot 
Slow and Thorough mode using Sörensen’s (Bray-Curtis) distance measures and 250 randomizations 
(Keister and Peterson; McCune and Mefford). A two-dimensional solution was found to have the lowest 
minimum stress (7.08) and Axis 1 captures 76.3% of the variation in the data and Axis 2 captures 18% of 
the variability in the data for a cumulative 94% of variability explained in two axes (Figure 16).  
Figure 16 shows the ordination and each triangle represents the cyanobacteria community at one 
sampling event with samples grouped by lake. Cyanobacteria species loadings are visible as the labeled 
points in the ordination. The closer points are to each other the more similar their cyanobacteria 
communities.  
During the months when a layer was present (See  for a full list of months at each lake), differences 
between the cyanobacteria communities in three lakes were strongly influenced by Planktothrix sp., 
Aphanizomenon sp. and the Aphanizomenon gracile/Sphaerocystis/Chrysosporum morphotype abundance 
as indicated by the larger distance of those species from the center point of the ordination plot (Figure 
16). Aphanizomenon flos-aquae was found only during one sampling event in the layer of Baboosic Lake 
and that species thus co-occurs with that sampling event in the ordination. The Aphanizomenon 
gracile/Sphaerocystis/Chrysosporum morphotype was also only found in Baboosic Lake. A full listing of 
cyanobacteria community abundance in cell counts (Table 6) and biovolume (Table 7)  can be found in 
Appendix A.  The differences in cyanobacteria community between lakes were not significant (MRPP, T 





Figure 16: NMDS ordination for cyanobacteria community data from the three lakes when a layer was present. The 
cyanobacteria community does not differ significantly between the three lakes (MRPP, T = -1.26, A = 0.069, p = 0.11). 
Figure 17 shows the same NMDS ordination but with the sampling events are grouped by depth 
category. The graph shows that the layer samples clustered around the Planktothrix sp. loading whereas 
the surface samples tended to have higher abundances of Microcystis sp. than the layer. When samples are 
grouped by depth category, we see a clear and significant separation between layer and surface 
cyanobacteria communities (MRPP, T = -7.899, A = 0.2908, p = 0.00013) (Figure 17).  The difference in 
cyanobacteria communities between the surface and layer samples is likely in large part an artifact of our 
sampling design because we specifically targeted layer samples, but it does serve to underscore the 
differences in community between the two zones and suggests that the populations are separate and not 
mixing on a regular basis. The environmental variables overlaid in Panel B underscore that layers 
generally represented a completely different chemical and physical environment from the surface during 





Figure 17: NMDS ordination of Cyanobacteria community in the three lakes when a cyanobacteria layer was 
present. Cyanobacterial species loadings (A) and a biplot of environmental variables (B) are overlaid on the ordination. 
The surface samples have a significantly different cyanobacteria community than the layer samples (MRPP, T = -7.899, A 






Presence and persistence of deep water layers of cyanobacteria  
The deep-water layers of cyanobacteria observed in the study lakes during the pilot study in 2017 
recurred between July and August in 2018, suggesting some level of persistence from year to year. Layers 
developed after stratification and became established, between early June and early August (Figure 2, 
Figure 10). Layers were comprised of between 75% and 95% Planktothrix isothrix in all three study lakes 
(Ann St. Amand Pers. Comm. 1/19/19) (Figure 12). Vertical profiles show phycocyanin peaks appeared 
in July at 4.5 m in Marsh Pond and 6.3 m in Baboosic Lake, and at 7.7 m in Mirror Lake5 in August. 
Layers persisted in all of the lakes until turnover in October (Figure 2). Layers appeared below the 
thermocline and then appeared to rise in the water column until they reached a temperature-induced 
resistance to mixing, remaining at the base of the metalimnion or right at the top of the hypolimnion 
(Figure 6). Following their appearance, the peak of the phycocyanin layer in Baboosic Lake and Marsh 
Pond moved upward toward the surface until the last sampling date for each lake after turnover (Figure 
5). We did not observe any noticeable entrainment of the layers into surface waters based on the 
Planktothrix cell counts () or the phycocyanin profiles (Figure 2, Appendix A: Additional Profile and 
Water Quality information). The interface between the phycocyanin peak and the water above it is often 
very sharp whereas the decline in fluorescence is more gradual below the layer peak to the bottom of the 
lake, possibly suggesting that the cyanobacteria congregate at the top of the layer where access to light is 
the greatest. This also suggests that cyanobacteria are also interacting with the waters below the layer 
either settling due to senescence or as a mechanism for accessing nutrient pools in the hypolimnion.  
 
5 The phycocyanin peak at 8.0 m, at Mirror lake in was not sampled in August due to field error. A sample was 




 Positive heterogrades in the dissolved oxygen profile were often observed concomitant with layer 
formation (). While populations of Planktothrix sp. have been shown to be photoheterotrophic at low light 
levels the production of oxygen within these layers strongly suggests that the layers are actively 
photosynthesizing (Zotina et al.). At the three lakes we sampled over the course of the season, four 
periods of layer progression were identified, 1) post mixis with no strata, 2) thermal stratification is 
present but no cyanobacteria layer occurs at depth, 3) layer present and growing , and 4) fall turnover 
mixed the lake below the depth of the layer. The post-turnover data from Marsh Pond should be 
interpreted differently than Baboosic and Mirror as turnover was concurrent and likely caused by flushing 
from the drawdown of Merrymeeting Lake upstream of this flow-through system.     
Layer Formation: Why are the layers showing up where we are seeing them?  
The light levels and nutrient concentrations at the depths where the cyanobacteria layers were found 
in the study lakes are consistent with those found in other lakes with layers (Table 1, Table 4). The arrival 
of the layer coincides with the first instance of anoxic bottom water in each lake. Reduced light levels are 
known to cause Oscillatoria[Planktothrix] filaments to rise in the water column (Klemer; Walsby and 
Klemer). This could explain why we saw the layers at different depths in all the lakes but at relatively 
consistent light levels. During the months of July, August and September when the layers were the 
densest in Baboosic and Marsh Pond, we saw an upward migration of the peak of the layer by 
approximately one meter, from 6.3 m to 5.25 m in Baboosic and from 4.5 m to 3.6 m in Marsh Pond 
(Figure 5). This could be in response to lowered light levels either due to the seasonal decrease in 
photoperiod or by an increase in surface phytoplankton productivity causing decreased light penetration, 
both of which occurred during that time (Figure 11). Overall the results support the theory that light is one 
of the major drivers of depth of Planktothrix isothrix layer formation in lakes (Klemer; Walsby and 




One possible model of Planktothrix sp. layer dynamics in these lakes is that the cells overwinter on 
the lake bottom, stay there until a trigger (possibly lack of light or the onset of anoxic conditions in the 
bottom water) makes bottom dwelling untenable, and then migrate up through the water column until they 
reach a point where they are able to photosynthesize and maintain their buoyancy where they remain for 
the course of the season until mixing distributes them diffusely through the water column where 
depending on conditions, they can either form an under-ice full water column bloom or just sink back to 
the lake bed and await the next growing season. We did not collect any under ice data and so winter 
dynamics remain postulations. The Relative Thermal Resistance to Mixing (RTRM) graphs show that the 
layer is often first visible below the area with a strong temperature based barrier to mixing, but the peaks 
are still well defined at these depths indicating that despite the low barrier to thermal mixing, the 
cyanobacteria are maintaining a specific depth, possibly based on the light availability and access to 
bottom nutrient sources (Figure 2, Figure 6). It appears likely that the Planktothrix sp. are growing in the 
upper part of the layer and then senescing and sinking to the bottom of the lake explaining the lack of 
phycocyanin fluorescence in the epilimnetic water. It is possible that some of the Planktothrix sp. form 
clumps and migrate to the surface on a diel basis as observed by Walsby et al 2005. Green clumps 
identified as Planktothrix sp. were often visible in surface waters to the naked eye and on a video taken at 
Baboosic Lake. The EXO2 often does not register large clumps of cyanobacteria and cell counts can 
easily miss large clumps.     
Microcystin production potential of Planktothrix isothrix 
 The phylogeny of the cyanobacteria species dominating the layers in the study lakes is a topic of 
some debate and confusion. Dr. St. Amand at Phycotech Inc. identified the layer-forming species in this 
study as Planktothrix isothrix which, according to AlgaeBase is synonymous with Planktothrix mougeotii 
as well as Oscillatoria agardhii var. isothrix (Komárek and Komárková). However, previous papers make 
the split differently claiming that P. isothrix is a morphologically indistinguishable intraspecific taxa 




This confusing nomenclatural war makes matching studies of microcystin production to the different 
species very difficult. If we consider Planktothrix isothrix to be an interspecific taxa within P. agardhii, 
there are many documented examples of microcystin production in a multitude of strains of P. agardhii 
(Mbedi et al.; C. Lyra et al.; C Lyra et al.). One of the strains identified as P. agardhii var. isothrix from 
Suda et al. 2002 was shown to have the mcyA gene and produce toxins by (Kurmayer et al.) but there are 
other strains of P. agardhii that do not produce toxins and lack the mcyA gene (Lyra et al., 1997). One 
strain of P. mougeotii (one of the recognized synonyms for P. isothrix) does not contain the full 
microcystin pathway (Mbedi et al.). P. isothrix is considered a potential microcystin producer and yet in 
reservoirs in Brazil, the per cell toxicity is low to non-existent or potentially explainable by other 
toxigenic species present (Piccin-Santos and Bittencourt-Oliveira; Bittencourt-Oliveira et al.). The 
capacity for toxin production of P. isothrix is not confirmed by the literature and further study of the 
genetic potential to produce microcystin in the P. isothrix in the study lakes is warranted to determine if 
the strain or strains present in Marsh Pond, Mirror Lake, and Baboosic Lake contain the full microcystin 
pathway and therefore have the capacity to produce microcystin.  
Despite the high abundance of potentially toxin-producing cyanobacteria in the layers, microcystin 
levels in the three study lakes were low over the sampling season, remaining well below the threshold of 
0.3g/L (300ng/L) that the EPA has set as the 10 day health advisory limit in drinking water for children 
(Figure 14). The microcystin ELISA test kits can detect MC-RR and the fact that the form produced by 
Planktothrix spp. is often demethylated should not impair detection. Microcystin from Planktothrix spp. 
has also been detected using ELISA test kits in other studies (Akcaalan et al.). This supports the theory 
that if the Planktothrix spp. were producing microcystins we should be able to detect them using the 
ELISA methodology.  
Our results point to two possible conclusions, either the strain of Planktothrix isothrix that is present 




rubescens, or the environmental conditions in these layers are not conducive to microcystin production 
(Christiansen et al.; Kurmayer et al.). 
On the temporal interval and spatial scale at which sampling was conducted, we saw little evidence of 
entrainment or migration of layer populations into the surface waters. Surface levels of Planktothrix 
isothrix, the species that dominated the layer samples were very low in all three lakes during all sampling 
events. In Baboosic, no Planktothrix sp. cells were found in the surface water samples until October after 
turnover had mixed the lake (Table 6, Appendix A). In Mirror Lake, Planktothrix cells were detected 
twice in surface waters at levels below 30 cells/mL before turnover reached the layer in October after 
which point higher levels – 220 cells/mL – were detected. Marsh Pond had the highest levels of surface 
Planktothrix among the three lakes, collected in August at 245 cells/mL. This sampling event coincided 
with a vertical profile that lacked a defined peak in phycocyanin values, possibly indicating some 
disturbance of the layer stability (Appendix A : : Additional Profile ). However, the layer depth was very 
close to the 0-3.0 m surface sampling depth at that time so sampling error or localized entrainment of 
layer populations into the surface zone due to sampling is more likely. During the sampling period of 
May-October of 2018, no surface blooms of cyanobacteria were reported on the three lakes and it is likely 
that the layers did not contribute substantially to surface cyanobacterial populations.    
While all of these surface populations of Planktothrix are very low, cyanobacteria populations have 
been shown to be patchy (Murby) and to change both horizontal and vertical distribution relatively 
rapidly (Reynolds). We sampled only once a month at approximately the same time of morning so we 
cannot definitively rule out the possibility that we missed diel vertical migrations or entrainment events 
that caused surface blooms. One of the volunteers at Marsh Pond, Mike Gelinas observed small surface 
accumulations of Planktothrix in the very early hours of the morning but there is no photographic or 
microscopic evidence to verify these reports. However a similar phenomenon, showing that large 
aggregates of Planktothrix rubescens rise to the surface during the night and migrate back down to the 




metalimnetic layers of Planktothrix isothrix were stable and not regularly contributing to the surface toxin 
levels.  
Due to the postulated lack of microcystin production by the major cyanobacteria in the layers and a 
lack of evidence of entrainment in surface waters observed during our sampling, it appears unlikely that 
the cyanobacteria layers in these study lakes are contributing microcystins to the surface waters. We did 
not test for other toxins that Planktothrix are thought to produce such as saxitoxin, anatoxin-a, and 
BMAA. One strain of non-microcystin producing Planktothrix rubescens was found to produce 
aeruginosin 828A a potentially toxic enzyme inhibitor with a toxicity only slightly lower than microcystin 
when tested on crustacean zooplankton (Kohler et al.). Therefore, we cannot conclude that these deep-
water cyanobacteria are not a potential human health risk despite the low presence of microcystin in the 
layers sampled.  
What environmental parameters are most highly correlated with the presence/levels of toxin in lakes 
and might be useful to use in a management/monitoring/risk assessment framework? 
One of the perennial problems with management of cyanobacteria blooms is how to estimate toxicity 
based on other environmental parameters that can be measured more cheaply and easily than toxins. 
While all three of these lakes have deep water layers dominated by Planktothrix isothrix, they are 
different systems with their own physiochemical dynamics and the microcystin dynamics differ between 
lakes. Differences in patterns of response across lakes makes the case for multivariate analysis of the data 
to try to tease out factors responsible for driving patterns in microcystin concentration across lakes. Our 
Partial Least Squares Regression results highlighted the importance of non-Planktothrix microcystin 
producing species of cyanobacteria as important factors explaining the variation in where we found 
microcystin in our lakes (Figure 15). This species and even strain specificity of toxin production serves to 
highlight the complexity of using environmental parameters other than microcystin levels to estimate 




Planktothrix isothrix dominated layer samples in the systems we sampled. None of the environmental 
variables we measured were well correlated with microcystin levels and we cannot make a 
recommendation for substitute for direct microcystin testing at this time.  
The dramatic increase of Microcystis sp. seen in Baboosic Lake in October (Figure 13) and the 
corresponding late season increase in microcystin levels (Figure 14) highlights the importance of late 
season monitoring for cyanobacteria and toxins. This work also serves to underline the patchiness of 
cyanobacteria populations vertically in addition to the horizontal variability observed in New Hampshire 
lakes (Murby).  
Conclusion 
In summary, we found that metalimnetic layers of predominantly Planktothrix isothrix formed 
between June and August in all three of our study lakes in 2018. Planktothrix in these layers are likely 
taking advantage of physical and chemical conditions to establish populations at thermally stable depth 
gradients that allow them to access higher nutrients at depth while still maintaining a light level sufficient 
for photosynthesis – a niche few other organisms are equipped to take advantage of. Although we found 
overall low levels of microcystin in the lakes, surface toxin values are significantly higher than the layer 
in Baboosic and Mirror Lake during the summer months. At Marsh Pond, microcystin levels remained 
consistently low throughout the sampled time frame. Microcystin concentrations were more associated 
with biovolumes of non-Planktothrix, microcystin-producing species of cyanobacteria. The apparent lack 
of microcystin production by the dense Planktothrix layers is surprising, and future studies should 
definitely include genotyping of the Planktothrix isothrix found in each lake to see if they contain the full 
microcystin pathway and have the capacity to produce microcystin. This work could be followed up by 
bottle experiments exposing Planktothrix isothrix from the layers to different conditions in the lake (i.e. 
higher light levels, low nutrient levels, higher temperatures, grazing pressure) to see if toxin production 
can be induced by environmental conditions not experienced by the layers during the time of our study. 




extensive survey of more lakes in New Hampshire with layers should be conducted to see if the 
occurrence of one species, Planktothrix isothrix in all three of our study lakes is a coincidence or if that is 
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Appendix A: Additional Profile and Water Quality information 


























Our understanding of where cyanobacteria layers were found was based solely on the phycocyanin 
fluorescence curve collected by the EXO 2 sonde. This is a reasonable methodology as phycocyanin is a 
pigment produced almost exclusively by cyanobacteria and it is produced by most lacustrine 
cyanobacteria species. To test whether we are missing cyanobacteria layers by using only phycocyanin 
and chlorophyll a fluorescence as trackers, we looked at the Turbidity profiles largely matched the 
phycocyanin profiles indicating that the turbidity probe is a reasonably good indication of layer formation 
(Figure 18). The curves for Marsh Pond and Mirror Lake show no indication that we missed any layers of 
phytoplankton using our phycocyanin only tracking methodology. The one time the profiles do not match 
was in September at Baboosic Lake where a large turbidity spike was present below the depth of the 
phycocyanin peak where the Layer sample was collected. This could indicate the presence of a 
heterotrophic bacteria layer that does not produce phycocyanin and thus would not show up on that 
profile. It would also make sense that a layer of heterotrophic bacteria would be found below a dense 
cyanobacteria layer if senescing material was sinking out and being consumed by the bacteria at a slightly 









Table 5: Depth of Thermocline and depth at which layer samples were collected. 
Lake Date Thermocline (m) Layer Depth Sampled (m) 
Baboosic Lake 5/1/18 3.3 5.5 
Baboosic Lake 5/31/18 2.9 5.5 
Baboosic Lake 7/3/18 2.1 6.3 
Baboosic Lake 8/7/18 4.8 5.5 
Baboosic Lake 9/4/18 5.2 5.25 
Baboosic Lake 10/8/18 6.9 6.4 
Marsh Pond 5/3/18 1.4 4.5 
Marsh Pond 6/7/18 0.7 4.5 
Marsh Pond 7/5/18 1.2 4.5 
Marsh Pond 8/9/18 0.3 3.9 
Marsh Pond 9/6/18 4.0 3.6 
Marsh Pond 10/4/18 0.8 3.6 
Mirror Lake 5/2/18 2.4 8.0 
Mirror Lake 6/6/18 4.4 5.0 
Mirror Lake 7/4/18 5.2 6.75 
Mirror Lake 8/8/18 4.4 
5.25  
*sampling missed layer 
present at 8.0 
Mirror Lake 9/5/18 6.4 7.5 
Mirror Lake 10/3/18 7.8 7.8 
Mirror Lake 10/17/18 10.3 10.75 
Thermocline calculated based on the temperature profiles for each sampling date using the thermos.depth function in RLakeAnalyzer package in R 
Secchi disk readings 
The average water clarity between May and October in 2018 was 4.1m at Baboosic Lake, 3.3m at 
Marsh Pond, and 5.7m at Mirror Lake. Marsh Pond was clear to the bottom until June when the clarity 





Figure 19: Secchi Disk readings taken from the shady side of the boat with a viewscope for all three 
lakes in 2018. 
Color 
Dissolved color changed quite a bit over the sampling season in the three lakes. The layer depth of 
Marsh Pond changed from slightly colored in the spring, to tea colored in the fall, whereas the surface of 





Figure 20: Dissolved color readings from all three lakes in 2018. 
 
Appendix B: Full ANOVA tables 
Stats ANOVA tables 
Below are the ANOVA tables for the in depth microcystin data analysis who’s significant interaction 
terms justified simple effects analysis of each lake individually. Main Effects Results with strike throughs 
cannot be accepted due to the significant interaction term.  
Question 1: Are the pre-stratification values statistically different between the surface and the layer for 
each lake? 
Code: 
PreStrat_dat<-subset(raw_dat, raw_dat$SampleType == 
"PreStratification") 
Q1_mod <- aov(logMC ~ Lake + Depth_cat + Lake:Depth_cat, PreStrat_dat) 
summary(Q1_mod) 
 




Lake            2  7.615   3.808   24.84 5.42e-05 *** 
Depth_cat       1  0.271   0.271    1.77  0.20814     
Lake:Depth_cat  2  3.193   1.596   10.41  0.00238 **  
Residuals      12  1.839   0.153                      
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
 
 
Question 2: Are the pre-stratification toxin values statistically different than when the layers exist in the 
layer? 
Code: 
PSLayer_dat <- subset(raw_dat, SampleType == "PreStratification" | 
SampleType == "LayerPresent") 
Q2_dat <- subset(PSLayer_dat, Depth_cat == "Layer") 
Q2_mod <- aov(logMC ~ Lake + SampleType + Lake:SampleType, Q2_dat) 
summary(Q2_mod) 
Output:  
                Df Sum Sq Mean Sq F value   Pr(>F)     
Lake             2 18.966   9.483  33.173 5.34e-08 *** 
SampleType       1  6.075   6.075  21.252 8.69e-05 *** 
Lake:SampleType  2  4.323   2.161   7.561  0.00247 **  
Residuals       27  7.718   0.286                      
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
 
 
Question 3: Are the surface pre-stratification toxin values statistically different than when the surface 
values when layers exist? (Question 2 but for the surface.) 
 
Code: 
Q3_dat <- subset(PSLayer_dat, Depth_cat == "Surface") 
Q3_mod <- aov(logMC ~ Lake + SampleType + Lake:SampleType, Q3_dat) 
summary(Q3_mod)  
 
                Df Sum Sq Mean Sq F value   Pr(>F)     
Lake             2  49.14  24.571  91.778 9.08e-13 *** 
SampleType       1  10.05  10.048  37.532 1.52e-06 *** 
Lake:SampleType  2   2.20   1.101   4.112   0.0276 *   
Residuals       27   7.23   0.268                      
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
 
 
Question 4: When the layer is present and sampled, is there a difference between the surface and the 
layer microcystin values?  
 
Code:  
Q4_dat <- LayerPresent_dat 






               Df Sum Sq Mean Sq F value  Pr(>F)     
Lake            2  59.98  29.992  96.102 < 2e-16 *** 
Depth_cat       1   2.34   2.336   7.487 0.00907 **  
Lake:Depth_cat  2   4.09   2.044   6.549 0.00335 **  
Residuals      42  13.11   0.312                     
--- 




Appendix C: Supplementary Phytoplankton Species Composition data 
 
 
Figure 21: Planktothrix sp. counts in cells/mL from Imaging Flow Cytobot (IFCB) between May and October 2018 at 







Figure 22: IFCB calculated biovolume of phytoplankton in the three study lakes in 2018. 
 





Figure 24: IFCB calculated biovolume of cyanobacteria taxa with the potential to produce toxins in the three study 
lakes in 2018. 
 
 





Figure 26: IFCB calculated biovolume of Aphanizomenon spp. measured in the three study lakes in 2018. 
 
Figure 27: IFCB calculated Biovolume of Aphanizomenon gracile, Sphaerocystis, Chrysosporum morphotypes 























































































































































































5/1/18 Baboosic 5.5 Layer 1,770 0 0 0 0 0 0 0 0 
5/1/18 Baboosic 0-3.0 Surface 2,411 0 0 0 0 0 0 0 0 
5/2/18 Mirror 8 Layer 963 0 0 0 0 0 0 0 0 
5/2/18 Mirror 0-3.0 Surface 451 0 0 0 0 0 0 0 0 
5/3/18 Marsh 4.5 Layer 611 0 0 0 0 0 0 0 0 
5/3/18 Marsh 0-3.0 Surface 586 0 0 0 0 0 0 0 0 
5/31/18 Baboosic 5.5 Layer 1,590 2 0 2 0 0 0 0 0 
5/31/18 Baboosic 0-3.0 Surface 1,265 124 0 124 0 0 0 0 0 
6/6/18 Mirror 5 Layer 409 147 0 147 0 0 0 0 0 
6/6/18 Mirror 0-3.0 Surface 1,035 104 0 104 0 0 0 0 0 
6/7/18 Marsh 4.5 Layer 2,742 690 0 0 0 0 0 0 0 
6/7/18 Marsh 0-3.0 Surface 981 14 0 0 0 0 0 0 0 
7/3/18 Baboosic 6.3 Layer 7,874 2,554 2,234 167 0 0 0 0 110 
7/3/18 Baboosic 0-3.0 Surface 4,596 229 0 71 107 0 0 0 2,968 
7/4/18 Mirror 6.75 Layer 1,246 104 0 63 0 0 0 0 3 
7/4/18 Mirror 0-3.0 Surface 1,290 164 20 129 0 0 0 0 132 
7/5/18 Marsh 4.5 Layer 128,333 125,813 125,447 3 0 0 0 0 4 
7/5/18 Marsh 0-3.0 Surface 4,160 32 0 0 0 0 0 0 102 
8/7/18 Baboosic 5.5 Layer 59,625 57,404 53,962 206 0 9 120 3,083 892 
8/7/18 Baboosic 0-3.0 Surface 2,092 628 0 150 42 0 323 0 535 
8/8/18 Mirror 5.75 Layer 2,715 1,317 0 1,317 0 0 0 0 626 
8/8/18 Mirror 0-3.0 Surface 553 0 0 0 0 0 0 0 103 
8/9/18 Marsh 3.9 Layer 125,887 125,160 125,160 0 0 0 0 0 0 
8/9/18 Marsh 0-3.0 Surface 7,932 252 246 6 0 0 0 0 207 
9/4/18 Baboosic 5.25 Layer 109,109 105,627 104,640 2 0 0 968 0 1,647 
9/4/18 Baboosic 0-3.0 Surface 6,689 2,100 0 353 97 4 1,611 0 1,356 
9/5/18 Mirror 7.5 Layer 58,299 57,049 56,974 6 19 0 0 0 302 
9/5/18 Mirror 0-3.0 Surface 5,425 130 29 48 41 0 0 0 2,274 
9/6/18 Marsh 3.6 Layer 160,847 152,675 152,636 0 4 0 0 0 453 
9/6/18 Marsh 0-3.0 Surface 14,048 156 0 0 0 1 0 0 1,602 
10/3/18 Mirror 7.8 Layer 10,572 9,946 9,909 0 37 0 0 0 376 
10/3/18 Mirror 0-3.0 Surface 1,904 86 0 36 19 0 0 0 661 
10/4/18 Marsh 3.6 Layer 493 14 0 0 0 0 0 0 262 
10/4/18 Marsh 0-3.0 Surface 1,307 78 34 9 0 0 0 0 620 
10/8/18 Baboosic 6.4 Layer 24,836 23,811 23,793 0 0 0 0 0 79 
10/8/18 Baboosic 0-3.0 Surface 3,125 711 55 80 453 111 0 5 422 
10/17/18 Mirror 10.75 Layer 4,157 3,702 3,481 0 199 0 0 0 44 




























































































































































































5/1/18 Baboosic 5.5 Layer 1,476,853 0 0 0 0 0 0 0 0 
5/1/18 Baboosic 0-3.0 Surface 1,958,056 0 0 0 0 0 0 0 0 
5/2/18 Mirror 8 Layer 1,203,701 0 0 0 0 0 0 0 0 
5/2/18 Mirror 0-3.0 Surface 819,887 0 0 0 0 0 0 0 0 
5/3/18 Marsh 4.5 Layer 640,959 0 0 0 0 0 0 0 0 
5/3/18 Marsh 0-3.0 Surface 546,912 0 0 0 0 0 0 0 0 
5/31/18 Baboosic 5.5 Layer 1,797,420 937 0 937 0 0 0 0 0 
5/31/18 Baboosic 0-3.0 Surface 2,016,094 34,535 0 34,535 0 0 0 0 0 
6/6/18 Mirror 5 Layer 1,291,488 42,989 0 42,989 0 0 0 0 0 
6/6/18 Mirror 0-3.0 Surface 2,344,290 31,496 0 31,496 0 0 0 0 0 
6/7/18 Marsh 4.5 Layer 980,482 20,358 0 0 0 0 0 0 0 
6/7/18 Marsh 0-3.0 Surface 741,641 402 0 0 0 0 0 0 0 
7/3/18 Baboosic 6.3 Layer 4,904,839 517,109 364,743 123,401 0 0 0 0 16,018 
7/3/18 Baboosic 0-3.0 Surface 2,220,225 162,380 0 21,772 135,859 0 0 0 723,857 
7/4/18 Mirror 6.75 Layer 2,665,401 29,428 0 27,867 0 0 0 0 502 
7/4/18 Mirror 0-3.0 Surface 1,167,279 40,072 15,105 24,540 0 0 0 0 69,459 
7/5/18 Marsh 4.5 Layer 17,673,039 14,760,191 14,746,428 846 0 0 0 0 1,034 
7/5/18 Marsh 0-3.0 Surface 2,119,096 857 0 0 0 0 0 0 15,670 
8/7/18 Baboosic 5.5 Layer 10,780,768 8,382,051 8,064,019 72,777 0 2,152 9,046 233,384 269,934 
8/7/18 Baboosic 0-3.0 Surface 750,866 118,734 0 32,859 55,841 0 27,483 0 131,974 
8/8/18 Mirror 5.75 Layer 2,255,776 227,213 0 227,213 0 0 0 0 218,609 
8/8/18 Mirror 0-3.0 Surface 256,778 0 0 0 0 0 0 0 49,327 
8/9/18 Marsh 3.9 Layer 12,416,596 11,600,406 11,600,406 0 0 0 0 0 0 
8/9/18 Marsh 0-3.0 Surface 2,811,716 31,351 30,736 615 0 0 0 0 34,542 
9/4/18 Baboosic 5.25 Layer 19,108,768 16,281,980 16,214,260 1,155 0 0 66,022 0 597,843 
9/4/18 Baboosic 0-3.0 Surface 1,844,262 336,778 0 142,768 63,024 327 129,846 0 288,819 
9/5/18 Mirror 7.5 Layer 10,233,068 9,429,221 9,356,027 11,091 60,749 0 0 0 48,797 
9/5/18 Mirror 0-3.0 Surface 1,373,602 72,707 7,719 31,374 33,255 0 0 0 284,640 
9/6/18 Marsh 3.6 Layer 29,213,632 21,705,010 21,703,602 0 640 0 0 0 71,284 
9/6/18 Marsh 0-3.0 Surface 13,314,526 5,992 0 0 0 526 0 0 195,233 
10/3/18 Mirror 7.8 Layer 2,316,409 1,974,338 1,872,717 0 101,620 0 0 0 34,088 
10/3/18 Mirror 0-3.0 Surface 791,323 52,346 0 21,484 30,039 0 0 0 118,986 
10/4/18 Marsh 3.6 Layer 423,702 324 0 0 0 0 0 0 47,942 
10/4/18 Marsh 0-3.0 Surface 716,607 12,067 6,092 5,122 0 0 0 0 152,415 
10/8/18 Baboosic 6.4 Layer 5,350,112 3,518,453 3,518,068 0 0 0 0 0 31,576 
10/8/18 Baboosic 0-3.0 Surface 2,569,928 1,286,260 9,065 47,392 1,221,447 7,930 0 326 108,099 
10/17/18 Mirror 10.75 Layer 1,032,061 545,330 503,927 0 41,088 0 0 0 18,551 
10/17/18 Mirror 0-3.0 Surface 451,012 75,219 33,890 1,020 17,843 0 0 21,837 30,646 
 
